Recent outbreaks of African swine fever virus (ASFV) in China severely 17 influenced the swine industry of the country. Currently, there is no
mainly caused by extensive genomic insertions and/or deletions (indels) 23 instead of the point mutations. The genomic diversity of the virus resulted 24 in proteome diversity. Over 250 types of proteins were inferred from the 25 ASFV genomes, among which only 144 were observed in all analyzed 26 viruses. Further analyses showed that the homologous recombination may 27 contribute much to the indels, as supported by significant associations 28 between the occurrence of extensive recombination events and the indels 29 in the ASFV genomes. Repeated elements of dozens of nucleotides in 30 length were observed to widely distribute and cluster in the adjacent 31 positions of ASFV genomes, which may facilitate the occurrence of 32 homologous recombination. Moreover, two enzymes, which were 33 possibly related to the homologous recombination, i.e., a Lambda-like 34 exonuclease with a YqaJ-like viral recombinase domain, and a DNA 35 topoisomerase II, were found to be conservative in all the analyzed 36 ASFVs. This work highlighted the importance of the homologous 37 recombination in the evolution of the ASFVs, and helped with the Introduction 42 African swine fever virus (ASFV), the causative agent of African swine 43 fever (ASF), is a complex, large, icosahedral multi-enveloped DNA virus. 44 The suids include domestic pigs and wild boars, and were reported as the 48 natural hosts of the virus 4,5 . ASFV was firstly discovered in Kenya in 49 1921 6 . It remained restricted in Africa till 1957, when it was reported in 50 Spain and Portugal. Up to now, the virus has caused ASF outbreaks in 51 more than fifty countries in Africa, Europe, Asia, and South America 4 . 52 The latest reports showed that the virus has caused outbreaks in more 53 than fifteen provinces in China 7,8 . Because of the high lethality of ASFV 54 in domestic pigs, the most commonly used strategies to control the virus 55 were the massive culling campaigns and the restriction of pig movement 5 . 56 Both strategies have resulted in a huge economic loss for pig industry and 57 affected people's livelihoods. Unfortunately, currently there is no 58 available effective vaccine against ASFVs. 59 60 Many efforts have been devoted to developing the vaccine for the ASFV 61 1,5,9-11 , however, most of these attempts failed. One of the most important 62 reasons was the complex composition of the antigenic proteins 5,12 . 63 Previous reports showed that p72, p30, and p54 were the three important 64 antigenic proteins during the infection of ASFVs, but the immunity 65 against them could only provide a partial protection 12, 13 . Many other 66 proteins or other factors such as phospholipid composition may also 67 influence the antigen of the virus 12 . Therefore, it is necessary to 68 understand the mechanisms of the antigen diversity of the ASFV virus 1 .
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The genetic diversity of ASFVs has been investigated in many studies. 71 The ASFV genome encodes over 150 proteins, including viral enzymes, Figure 1A ), suggesting the dynamic changes of the viral genomes. Pairwise comparisons between ASFV genomes were conducted after the 118 genome alignment. The average genomic difference between viruses was 119 24,570 bp, which accounts for more than 10% of the genome. 120 Interestingly, the genomic differences caused by the insertions and 121 deletions (indels) were much more significant than those caused by the 122 point mutations ( Figure 1B & Figure S1 ) in most cases. For example, 123 there were 31,833 bp differences between virus Mkuzi79 and BA71V, 78% 124 of which were caused by indels. 125 The size and position of indels in ASFV genomes were also analyzed. 70% 126 of indels were no longer than 10 bp, and about 10% of indels were 50 bp 127 or longer ( Figure S2 ).The occurrence of indels was much more frequent 128 in both ends of the genome, especially in the 5' end ( Figure 1C ). Besides, 129 the size of indels in both ends was also much larger than that in the (Table S3) , each of which stood for one type of protein encoded 161 by ASFV genomes. The obtained proteins contained almost all the 162 proteins identified in previous experiments (Table S3) Figure S6 ). They were mostly 203 located in both ends of the genome. Thirteen of them belonged to MGFs. 204 In addition, two protein groups, "DP71L" and "DP96R", belonged to the 205 class of "Host cell interactions". The rest protein groups belonged to 206 either the class of "Proteins with unknown function" or "Hypothetical 207 proteins". Most of the paralogs were clustered in adjacent positions. 208 Exceptions were observed for some protein groups which were encoded 209 by the first one to three thousands nucleotides in the plus and minus 210 strands, such as the protein group "p01990-3L" (marked with black 211 arrows in Figure S6 ). Further analysis showed that a segment of 200-3000 212 bp was exactly the same in the beginning of the plus and minus strands in 213 most viral genomes (Table S4 ). to be much larger than those in other regions ( Figure S7 ). Further 265 comparison of the number of indels in the recombination regions and 266 other regions showed that for indels of varing length, such as those 267 greater than 5, 10, or 50 bp, the number of indels in the recombination 268 regions was much larger than those in other regions ( Figure S8 ). Figure 3 ). Both enzymes were not involved in any 344 recombination events. The phylogenetic trees for proteins pD345L and 345 P1192R were similar to the tree built with the whole genome ( Figure S9 ). 348 Repeated elements could facilitate the homologous recombination. In this 349 study, lots of repeated elements ranging from 5-100 bp were identified, 350 and then the distribution of the repeated elements in the ASFV genomes 351 was analyzed. As shown in Figure S10 , the number of repeated elements 352 in ASFV genomes decreased monotonously as the size of elements 353 increased. Then, the distances between adjacent elements for a given 354 repeated element was investigated ( Figure 5A ). As the size of the 355 elements increased from 5 to 10, the average distance between the 356 adjacent elements also increased because the number of repeated 357 elements in the genome decreased. Interestingly, the average distance 358 decreased as the size of the elements increased from 11 to 23; it reached 359 to the minimum (136 bp) when the size was 23; then the distance kept 360 unchanged as the size increased from 23 to 46; finally, it increased as the 361 size of repeated element increased from 47 to 100. It should be noted that 362 the average distance was still less than 400 bp even for the repeated 363 elements of 100 bp. These phenomena suggested that the repeated 364 elements of 11 bp or larger tended to cluster in the genome, especially for 365 those of 23-46 bp. 366 For example, when the size of elements was 30 bp, each genome had a 367 median of 427 types of elements which repeated at least two times in the 368 genome. Some elements appeared for over ten times in the genome, such 369 as the element "AGGCGTTAAACATTAAAATTATTACTACTG" in 370 the viral strain BA71V. The region covered by repeated elements 371 accounted for 1%-3% of the genome in ASFVs. The distance between 372 repeated elements was analyzed and demonstrated to have a median 373 distance of 136 bp, suggesting they tend to cluster in adjacent regions. 374 Figure 5B shows the distribution of repeated elements in the aligned 375 genome. Most repeated elements were located at both ends of the genome. 376 Besides, there were two clusters of repeated elements in the positions of 377 around 55,000 bp and 120,000 bp (marked by black arrows), respectively. (Table S6 ). Figure 5C shows the comparison of the 384 number of repeated elements (15 bp in length) in the windows of 10,000 385 bp with and without the recombination in viral genomes. The windows 386 including the recombination had a mean of 194 repeated elements, which 387 was twice of that in the windows without the recombination. 
6 An abundance of repeated elements in ASFV genomes

